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SUMMARY 
A large variety of xenobiotic organic compounds have been discharged into the 
environment, due to the pressures of escalating population growth and industrial 
production. Public concerns about the possible hazardous effects of these chemicals on 
humans and the environment have focused, largely, on a few classes of compounds. Of 
these compounds, chloroethenes, chloroethanes, and chloroform are some of the most 
publicised. They are especially resistant to degradation, due to the stability induced by 
their chlorine substituents. However, anaerobic microorganisms can sequentially remove 
these chlorine constituents from these compounds through the process of reductive 
dehalogenation, which renders them more amenable to subsequent aerobic degradation 
and ultimate mineralisation. These microorganisms are able to utilize halogenated 
compounds for energy synthesis by coupling reductive dehalogenation to energy 
metabolism.  
In this study, co-cultures consisting of two or more strains are established to treat multiple 
halogenated compounds simultaneously, since co-cultures are preferred in bioremediation, 
due to their robust growth and wide substrate ranges. Three isolates, named 
Desulfitobacterium sp. strain PR, Dehalococcoides sp. strain GEO12 and Sulfurospirillum 
multivorans sp. strain SM were utilised and combined with respect to specific 
dehalogenating capacities. Results showed that strain PR can dechlorinate 1,1,2,2-TeCA, 
1,1,2-TCA; coculture PG consisting of strain PR and strain GEO12 can dechlorinate CF 
and TCE simultaneously, and fully dechlorinate 1,1,2-TCA; coculture PGS consisting of 
strain PR, GEO12 and SM can dehclorinate CF and PCE. 
Besides achieving the objective of treating multiple coexisting compounds, DCM, the 
dechlorinated product from chloroform is found to be toxic to the Dehalococcoides sp. 
strain GEO12, meaning that DCM inhibits TCE-dechloration. Nevertheless, the inhibition 
by DCM is less serious than the inhibition by chloroform. 
To conclude, strain PR and its cocultures PG and PGS are promising candidates to treat 
the undesired multiple halogenated compounds simultaneously.   
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CHAPTER 1 INTRODUCTION 
1.1 Background 
1.1.1 Halogenated Organic Compounds  
Cleanliness with respect to water is important, in order to meet public (e.g. drinking 
water), agricultural (e.g. irrigation), and industrial demands, however, the increasing 
pressures of rapid population increase and industrial development have created an influx 
of many of manmade chemicals into the environment. Halogenated organic compounds, 
or organohalides, are a class of chemicals with one or more carbon atoms linked with 
halogen atoms and, are either manmade or are naturally occurring substances (Häggblom 
& Bossert, 2003). Halogenated compounds contribute to wide utilisations in many 
industries, but their production and disposal have led to severe environmental pollutions 
with ensuing attention from the World population (Fetzner, 1998; Häggblom and Bossert, 
2003). Their utilisation and abuse in industry and also within agriculture, represents a 
large influx of these chemicals into the environment, which results in widespread 
dispersal - with ensuing obnoxious and ruinous conditions, in particular with respect to 
the aquatic environment. A large proportion of these halogenated compounds have acute 
or chronic toxicity for animal and human populations, or they create other environmental 
problems, such as ozone layer depletion, when vaporised into the atmosphere (e.g., TCA) 
(Wartenberg et al., 2000; N/A, 2008; Wiseman et al., 2011). Hence, in order to preserve 
ecological environments and to protect human health, the removal of these contaminants 
from the environment is of importance and urgency. 
1.1.2 Chlorinated Hydrocarbons  
Chlorinated organic compounds, specifically chlorinated hydrocarbons, make up one of 
the largest groups of halogenated compounds. They are among the most toxic and 
hazardous compounds found in the environment and they are widely used, via their 
extraneous addition in large quantities. They persist in lakes, rivers, groundwater systems, 
sediments and soils, because they have an inherent resistance to chemical and biological 
degradation (Stringer and Johnston, 2001). 
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The majority of chlorinated compounds are, largely, found in subsurface environments, 
such as in soil and river sediments, because of their low solubility in water or their high 
affinity to solid or organic particles. Halogenated compounds are relatively stable, with 
hydrolysis half-lives ranging from 1.1 years (TCA) to 1850 years (chloroform) under the 
aforementioned anoxic or anaerobic conditions (Jeffers et al., 1989). Therefore, the 
process would take extreme long time-periods for naturally attenuating pollution levels to 
within acceptable limits. The double-carbon chlorinated solvents which are of major 
importance, commercially, are PCE, TCE, and 1,1,1- TCA and 1,2-DCA and are widely 
used in industry, because of their rapid evaporation rates, low flammability and reactivity, 
and excellent ability to rapidly and effectively dissolve a broad range of organic 
substances (Doherty, 2000a, b). 
This thesis focuses on two subgroups of chlorinated hydrocarbon compounds: 
choloethanes and choloroethenes. Chlorinated ethenes range from polychlorinated, PCE, 
TCE and dichlorothenes (DCEs), to monochlorinated vinyl chloride (VC), because they 
vary in the number of chlorine atoms on each molecule. However, chlorinated ethanes are 
saturated compounds, containing two carbon atoms, in which one or more hydrogen 
atoms have been substituted with chlorine, with the most common substrate being 1,1,1-
trichloroethane (TCA) and chloroform (CF). The National Priority List (NPL) sites in the 
USA indicates that all of the aforementioned compounds are common groundwater 
pollutants (ATSDR, 2011).  	  
Table 1.1 shows that PCE, TCE, VC, 1,2-DCA, and chloroethane (CA) have been found 
to be the top five chlorinated C1-C2 solvents in 2008 based on an survey on the average 
annual underground releases for “1988 Core Chemicals” in the United States (see “toxics 
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Table 1.1 Chlorinated ethenes and ethanes in 2008 - based on average annual 
underground releases for “1988 Core Chemicals” in the USA 
 
 
1.1.3 Strategies for the Treatment of Chlorinated Hydrocarbon Pollutants  
There are multiple remediation technologies with the goal of improving and accelerating 
the attenuation process, including physical, chemical, and biological methodologies. 
Physical and chemical treatments of soils and groundwater are effective, to some extent, 
but they are energy-intensive and cost-intensive and, often, they permanently alter the 
properties of the remediation site, having significant adverse environmental impacts. 
Bioremediation is advantageous with respect to cost and environmental impact, and is 
suitable for removing moderate to low concentrations of pollutants. However, 
physical/chemical treatments are only effective in coping with high concentration levels. 
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1.1.4 Fates of Chlorinated Hydrocarbon Compounds in the Environment 
Terrestrial, aquatic and atmospheric discharges introduce industrial halocarbons into the 
environment. Hence, their impact is on all major areas of the environment, with respect to 
soils, sediments, water and air. Depending on the circumstances of whatever happens to 
them, organohalides may be broken down into harmless byproducts or they may generate 
harmful effects via their toxicity, biomagnification and/or persistence in the environment. 
They can have a direct harmful effect upon biota through their toxicity (or an indirect 
harmful effect by destroying the protective ozone layer in the stratosphere by atmospheric 
halocarbons). Many industrial organohalides are resistant to biodegradation due to their 
often xenobiotic origin and persistent character and, therefore, accumulate and exert their 
harmful effects within the environment (Haggblom and Bossert, 2003).  
1.1.5 Reductive Dehalogenation by Anaerobic Bacteria 
The aspects of degradation of halogenated compounds under anoxic conditions were 
initially investigated in the 1950s and 1960s while the fate of halogenated pesticides in 
agricultural soils was investigated (Allan, 1955; Guenzi and Beard, 1967). Within a time-
period of up to 20 years, the anaerobic degradation of halogenated compounds has come 
under specific attention. This is because of the persistant and widespread presence of 
chlorinated compounds that resist aerobic degradation (i.e. tetrachloroethene and 
polychlorinated biphenyls, that are transformed by reductive reactions under anoxic 
conditions) (Parsons et al., 1984; Quensen et al., 1988).  
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1.2 Problem Statement  
As aforementioned, chlorinated ethenes, such as VC and TCE; chlorinated ethanes, such 
as TCA; and, chlorinated alkanes, such as CF; are all common water pollutants. VC 
ranked as high as 4th on the ATSDR 2011 Priority List of Hazardous Substance, due to its 
high frequency of occurrence and toxicity (ATSDR, 2011), and chloroform ranked 11th. 
TCA depletes the ozone and is toxic with respect to human organs, hence, in 1966 the 
Montreal protocol banned its production in 1996 (ATSDR, 2006).   
Chloroform	   and	   TCA	   severely	   inhibit	   methanogenesis	   (Hickey	   et	   al.,	   1987;	   Adamson	   &	  Parkin,	   2000;	   Weathers	   &	   Parkin,	   2000)	   and	   reductive	   dechlorination	   of	   chloroethenes	  (Bagley	   et	   al.,	   2000;	   Maymó-­‐Gatell	   et	   al.,	   2001;	   Duhamel	   et	   al.,	   2002;	   Chan	   et	   al.,	   2011).	  Hence,	  when	  chloroform	  and	  TCA	  coexist	  within	  contaminated	  sites	  with	  other	  chlorinated	  compounds,	   bioremediation	   processes	   will	   not	   occur,	   unless	   chloroform	   and	   TCA	   are	  removed,	   in	   the	   first	   place.	   In	   all,	   the	   recalcitrant	   chemical	   properties	   and	   continued	  presence	   of	   chloroform,	   together	  with	   TCA	  make	   their	   removal	   from	   the	   environment	   of	  utmosturgency.	   The	   caveat	   is,	   the	   lack	   of	   competent	   bacterial	   cultures	   that	   efficiently	  remove	  these	  halogenated	  compounds	  is,	  currently,	  the	  gridlock	  for	  bioremediation	  of	  these	  compounds.	  
Moreover, the dechlorination of a few other chloroethanes are not well studied, such as 
1,1,2,2 – tetrachloroethane (TeCA), 1,1,2-trichloroethane (1,1,2-TCA), and 1,2-
dichloroethane (1,2-DCA). Further studies on these compounds are worth looking into. 
Furthermore, contaminants of chloroform and 1,1,1-TCA are often found together with 
trichloroethene (TCE) and tetrachloroethene (PCE) and inhibit some TCE (PCE)-
degrading micoorganisms. TCA and chloroform must, therefore, be removed, in order to 
provide effective bioremediation of sites contaminated with mixed chlorinated organics. 
In conclusion, we need to establish robust co- or mixed-cultures in order to operate on co-
present pollutants. 
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1.3 Objectives 
With an intensive study on many dechlorinating bacteria, three strains of bacteria are 
selected, after evaluating their performance on difference substrate ranges. 
Desulfitobactirium sp. PR is a chloroethane and chlorinated alkane-degrading, anaerobic, 
pure culture, isolated by my colleague Chang Ding. Another important decholorinator is 
Dehalococcoides sp. GEO12, a chloroethene-degrading culture, isolated from the same 
mother culture as PR.  
Pre-experiments have identified that GEO12 would be severely inhibited with the 
presence of chloroform and 1,1,1-TCA. Thus, the breakthrough point may lie on the 
establishment of a co-culture, PR and GEO12, to achieve a step-by-step, two-phase 
dechlorination, in order to treat the co-presence of TCE/PCE and chloroform/TCA. If 
successful, it would bring a promising bio-augmentation application of the sites 
contaminated with chloroform/TCA and TCE/PCE. This 2-coculture is, thus, named as 
co-culture PG for a more concise expression. The principle of the process is that, when 
PR and GEO12 were co-inoculated, degradation of cDCE and VC to ethane proceeds as 
soon as the chloroform/TCA has been fully dechlorinated to DCM and CA by PR.  
Another bacterium is a PCE-dechlorinating strain Sulfurospirillum Multivorans SM. With 
a similar approach, SM will be added with PR and GEO12, to further detoxify the 
substrate PCE to TCE, before the process moves on as in the previous approach. 
Therefore, the coculture consisting 3 strains is named PGS, for easier reference.  
Specific objectives of this study are: 
- To study the dechlorination profiles of chloroethanes, namely 1,1,2,2-TeCA, 1,1-
2-TCA, 1,2-DCA by pure culture Desulfitobactirium sp. PR. 
- To test whether GEO12 could tolerant dichloromethane (DCM) and 
chloromethane (CA), which are the end dechlorination products of chloroform 
and TCA 
	   	   Page 18	  	  
- To establish and characterize a coculture PG (Desulfitobactirium sp. PR and 
Dehalococcoides sp. GEO12) with the aim of dechlorinating chloroform/TCA and 
TCE. 
-  To establish and characterise a coculture PGS (Desulfitobactirium sp. PR, 
Dehalococcoides sp. GEO12, and Sulfurospirillum Multivorans SM) with the 
objective of dechlorinating chloroform /TCA and PCE.  
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CHAPTER 2 LITERATURE REVIEW 
2.1 Chlorinated hydrocarbon pollutants 
2.1.1 Chlorinated ethanes and chloroform 
As one of the most common halogenated organic compounds found, chlorinated ethane, 
or choloethane, is worthy of study. Chlorinated ethanes are used as industrial solvents and 
in the production of other organochlorine compounds. They are also used in the 
manufacture of plastics, rubber and textiles and in the production of formulated chemical 
products such as tetraethyllead (commonly known as tetraethyl lead) and vinyl chloride, 
and as drycleaning agents and anaesthetics  (CCME, 1992).  
Rees and Bowen (1992) concluded that major global producers of 1,1,1-TCA are in the 
United States, Western Europe and Japan until 1983, global production of 1,1,1-TCA was 
estimated to be 537 ktonne/year, whereas, production of 1,1,2-TCA is much lower, and 
was approxiamtely 80 ktonne/year (ECETOC, 1988). With the exception of 
hexachlorethane, all chloroethanes are low-boiling liquids, relatively volatile and water-
soluble, and generally both volatility and water solubility decrease with increasing 
chlorine substitution. Hence, volatilisation (evaporation) can be considered to be the 
primary removal process from water (CCME, 1992). In the marine environment, direct 
photolysis, oxidation and hydrolysis are not expected to be significant removal processes 
for chloroethane. TCA has been shown to undergo both chemical and biotic degradation, 
but the long half-lives for the reactions suggest that degradation is not a main removal 
mechanism from surface water. 
The physical and chemical information of some important chloroethanes in this thesis, 
namely 1,1,2,2-Tetrachloroethane, 1,1,1-trichloroethane, 1,1,2-trichloroethane, and 1,2-
dichloroethane are shown in Table 2.1 (ATSDR). The structural and toxicity information 
are shown in Table 2.2. 
 
 
	   	   Page 20	  	  









Abbreviation 1,1,2,2-TeCA 1,1,2-TCA  1,1,1-TCA 1,2-DCA 
Chemical formula C2H2Cl4 C2H3Cl3 C2H3Cl3 C2H4Cl2 
Molecular weight 167.85 133.40 133.40 98.96 
Melting point -44 ºC -37 ºC -33 ºC -35 ºC 
Boiling point 146 ºC 110 ºC 74 ºC 84 ºC 
Density 1.59 g/cm3 1.435 g/cm3 1.32 g/cm3 1.253 g/cm3 
 
Table 2.2 Structure and toxicological review of chloroethanes 
Name Structure Toxicity 
1,1,2,2-TeCA 
 
Liver and neurological 
damage. 
Group C possible human 
carcinogen (US. EPA) 





ATSDR Priority List No. 
110th. 




ATSDR Priority List No. 
165. 
1,2-DCA  
Toxic and carcinogenic. 
ATSDR Priority List No. 
91. 
 
2.2.2 Chlorinated ethenes 
Another group of prevalent chlorinated organic compounds are tetrachloroethene (PCE) 
and trichlorethene (TCE), which are widely used in drycleaning, equipment maintenance, 
and metal degreasing. They are among the most commonly found groundwater pollutants 
and are detected at approximately 80% of all Superfund (environmental program 
addressing abandoned hazardous waste) sites within the USA (www.atsdr.cdc.gov 
/tfacts70.html).  
Chlorinated ethenes vary in the number of chlorine atoms on each molecule; from PCE, 
TCE and dichlorothenes (DCEs), to the monochlorinated vinyl chloride (VC). As 
aforementioned, PCE and TCE are found in groundwater most frequently and in highest 
concentration (Doherty, 2000a, b; Bradley, 2003). 
Natural attenuation of PCE and TCE, typically, results in partial dechlorination, leading 
to the accumulation of cis-1,2-dichloroethene (cis-DCE) or vinyl chloride (VC, a proven 
carcinogen) in groundwater (Bradley, 2003). Toxic levels of suspected human 
carcinogens, 1,1-DCE (2,000 µg L-1) and 1,2-DCE (18,000 µg L-1), are also detected at 
several chloroethene-contaminated sites, which could be generated through the microbial 
reductive dechlorination processes of PCE and TCE. Ranking No. 4 in the ATSDR 
Priority List, vinyl chloride (VC) is the most toxic, being identified as a known human 
carcinogen (http://ntp.niehs.nih.gov/).  
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The structural and toxicity information of some important chloroethenes in this thesis, 
namely tetrachloroethene, trichloroethene, dichloroethane isomers and vinyl chloride, are 
shown in Table 2.3 and their structures are depicted in Figure 1. 
 
Table 2.3 Toxicological review of chloroethenes 
 
 
Figure 1 Structure of chlorinated ethenes 
 
2.2 Regulation of chlorinated solvents 
Among the numerous types of halogenated compounds, several are given higher priority 
in this research, due to their high frequency of occurrence in the natural environments, 
high level of toxicity, and persistency in the ecosystem. Like chloroethenes, they have 
been produced in large quantities: 205,000 metric tons of TCA and 215,000 metric tons 
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of chloroform were produced in 1993 in the United States, which are higher figures than 
for tetrachloroethene (PCE), which was 140,000 metric tons in 1991 (Häggblom & 
Bossert, 2003). TCA and chloroform have been detected in 782 and 791, respectively, 
National Priority List (NPL) sites among a total of 1293 such sites within the USA 
(ATSDR, 2011). 
For many volatile organic compounds, different strategies have been attempted, in order 
to prevent their misuse. For instance, the US Environmental Protection Agency (EPA) 
has also regulated maximal concentration levels (MCLs) for drinking water contaminants 
at 5 µg L-1, 5 µg L-1, 70 µg L-1, 100 µg L-1, 7 µg L-1, 2 µg L-1, 5 µg L-1 for PCE, TCE, cis-
DCE, trans-DCE, 1,1-DCE, VC, and 1,2-DCA, respectively (http:// 
www.epa.gov/safewater/ contaminants/index.html). The usage of TCA was severely 
restricted and regulated with respect to the reporting requirements of the European 
Pollutant Emission Register (EPER), United Nations Environment Programme (UNEP) 
Montreal Protocol on Substances that Deplete the Ozone Layer (MPSDOL) in 1987 
(which required banning of TCA by 2015, for developing countries) (United Nations 
Environment Programme, 2000). As a hazardous substance, the importation and sale of 
TCA is strictly banned in the UK and in Singapore, since 2000 and 2002, respectively 
(National Environment Agency, 2002). In the United States, TCA is prohibited from 
domestic use, after Jan 1st, 2002 (ATSDR., 2006). 
2.3 Strategies for the treatment of chlorinated hydrocarbon pollutants 
The biological treatment of chlorinated organic pollutants, which can be either aerobic or 
anaerobic or a combination of both, is the most economical and efficient treatment 
technology available for use by environmental engineers. These processes have 
effectively demonstrated their capability in the treatment and removal of halogenated 
organic compounds (Chaudhry and Chapalamadugu, 1991).  
Today, anaerobic biotreatment is one of the most widely used biological processes, 
especially, for the treatment of industrial wastewaters containing highly halogenated 
organics (Speece, 1996). The preference for anaerobic biotreatment is because the 
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process can be cost-competitive, in terms of its lower sludge handling and lower energy 
requirements, compared to the aerobic process.  
The concept of bioremediation was introduced into the field of halogenated compound 
contamination in the 1980s with the discovery of the organohalides-respiring, 
Desulfomonile tiedjei strain DCB-1 (Shelton & Tiedje, 1984; DeWeerd et al., 1990).  
However, after three decades, only chloroethene-contaminated sites have been 
successfully and completely remediated by bacterial cultures. Commercialised cultures 
include KB-1® (Duhamel et al., 2002) and Bio-Dechlor INOCULUM® Plus (Amos et al., 
2008), both of which target the removal of chloroethenes. Lack of known microbes that 
efficiently dehalogenate pollutants in the categories other than chloroethenes is currently 
the gridlock for bioremediation research (Megharaj et al., 2011). 
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2.4 Microbial reductive dechlorination by anaerobic bacteria 
Microbial reductive dechlorination of chlorinated solvents in natural environments is of 
great importance (Smidt and de Vos, 2004). With the removal of halogens during 
reductive dehalogenation, the less-halogenated products tend to be less hydrophobic, 
more mobile, more volatile, and more soluble than the parent compounds, by many 
orders of magnitude. However, as halogens are removed sequentially, dehalogenation 
reactions tend to occur extremely slowly, in particular when reaching di- or mono-
halogenated states (Pavlostathis et al., 2003). 
Generally, two basic mechanisms are involved with reductive dehalogenation, which are 
cometabolic and metabolic conversion. The former is acatalytic process, mainly by metal 
ion-containing heat-stable tetrapyrroles or enzymes. During this process, these 
compounds are incorporated as cofactors and do not serve as a source of carbon or energy 
for microbial growth, thus, additional energy is required (Holliger et al., 2003; Smidt and 
de Vos, 2004). Cometabolism is, particularly, preferred to the simultaneous degradation 
of two compounds, in which the degradation of the second compound depends on the 
presence of the first substrate (Jitnuyanont et al., 2001). In general, most cometabolic 
transformations are slow, but can still be significant within the time scales commonly 
associated with the movement of groundwater. 
In contrast, metabolic transformations, typically, proceed much faster, provided that there 
are sufficient substrate and nutrients and a microbial population that can mediate such 
transformations (Vogel et al., 1987). Although the role of cometabolic conversion cannot 
be excluded for the destruction of halogenated compounds, the metabolic conversion is 
the primary mechanism for the transformation of chlorinated solvents in contaminated 
sites (Zinder, 2010). 
Halogenated compounds can serve in three different metabolic functions in anaerobic 
bacteria: i) as carbon or energy source, or both, ii) as substrate for cometabolic activity, 
and iii) as terminal electron acceptor in an anaerobic respiration process (Holliger et al., 
2003). The last respiration process, also termed as microbial reductive dehalogenation, 
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which contributes to the primary metabolism (Zinder, 2010), can be further divided into 
two groups, hydrogenolysis and dihaloelimination. 
Hydrogenolysis refers to the displacement of a halogen substituent with hydrogen, while 
dihaloelimination refers to replacement of two halogen-carbon bonds with a carbon-
carbon bond. The transfer of electrons from an external electron donor is essential for 
both groups of reactions. In the natural environment, hydrogenolysis occurs more 
frequently than dihaloelimination, except with respect to 1,2-dichloroethane (1,2-DCA). 
Thus, reductive dehalogenation has been predominantly referred to by the term, 
hydrogenolysis. 
 	  
	   	   Page 27	  	  
2.5 Dehalorespiration process 
In the reductive dehalogenation process, halogenated compounds serve as terminal 
electron acceptors, resulting in energy production for microbial growth, which is known 
as (de)halorespiration. A number of studies have found that some halogenated 
compounds are commonly used by bacterial species as growth substrates, e.g., 
chloroethenes, chloroethanes, chlorophenols, chlorobenzenes, polychlorinated biphenyls 
(PCBs), polybrominated diphenyl ethers (PBDEs), and polychlorinated- dibenzo-p-
dioxins (DD)/dibenzofurans (PCDD/Fs) (Zhang and Bennett, 2005; Bayona and Albaigés, 
2006; Häggblom et al., 2006; Bunge and Lechner, 2009; Lee and He, 2010). 
Previous studies have shown that certain naturally occurring microorganisms have 
evolved in order to break down these contaminants. Originally, reductive dehalogenation 
was found to be a cometabolic side reaction in anaerobes, such as methanogens, sulfate-
reducers, and acetogens (Bouwer and McCarty, 1983; Vogel and McCarty, 1985, 1987; 
Fathepure and Boyd, 1988; Freedman and Gossett, 1989; Terzenbach and Blaut, 1994; 
Cole et al., 1995). Most cometabolic transformations are slow, but they can still play 
significant roles within the time scales associated with groundwater migration. Since the 
early 1980s, considerable evidence has shown that metabolic reductive dechlorination of 
PCE, TCE, DCEs, VC, TCA and 1,2-DCA have arisen from anaerobic microcosms, 
enrichment cultures, and pure cultures, and these metabolic processes usually proceed 
much faster than the cometablic reactions (Vogel et al., 1987; DiStefano et al., 1991; 
Holliger et al., 2003). With recent development of rapid and inexpensive molecular 
techniques, the bioremediation industry developed rapidly for the PCE, TCE or TCA-
contaminated sites/soil/groundwater. 
Over the past two decades, numerous mixed and pure culture studies have revealed that 
predominantly reductive dehalogenation processes, in addition to oxidative and 
fermentative mechanisms, are responsible for the initial attack and degradation of a wide 
range of halogenated compounds in the absence of molecular oxygen (Häggblom and 
Bossert, 2003; Holliger et al., 2003; Janssen et al., 2005). 
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2.6 Specific bacteria mediating the dehalorespiration process 
With the advent of molecular techniques, the dehalorespiration process for halogenated 
solvents has been understood and shown to be effected, mainly, by three distinct groups 
of microorganisms, 1) genera Dehalobacter and Desulfitobacterium in the 
Peptococcaceae family in the Firmicutes, 2) members (Anaeromyxobacter, 
Desulfuromonas, Geobacter, Desulfomonile, Geobacter, Desulfononile, Desulfovibrio, 
and Sulfurospirillum) of the delta (δ) and epsilon (ε) subphyla of the Proteobacteria, and 
3) the Dehalococcoides-predominant group in the Chloroflexi (Taş et al., 2009a; Zinder, 
2010). Among these three groups, the majority of these bacteria transform PCE or TCE to 
cis-DCE. Only Dehalococcoides spp. are in a unique group, that is capable of completely 
dechlorinating PCE to ethene (Bombach et al., 2010) and only Dehalobacter sp. has been 
reported to dechlorinate TCA metabolically (Sun et al., 2002; Grostern and Edwards, 
2009). Due to the extensive usage of chlorinated solvents and their related potential 
carcinogenicity, dechlorination of PCE, TCE, TCA and 1,2-DCA, carried out by 
Dehalococcoides and Dehalobacter, is of great concern, and is covered in this section. 
To date, the only one isolate that respires on TCA, is the Dehalobacter sp. strain TCA1 
(Sun et al., 2002).  No chloroform-respiring strain has been isolated, despite a couple of 
Dehalobacter-containing cocultures which were reported (Grostern & Edwards, 2006; 
Lee et al., 2012). 
2.6.1 Major dechlorinating microorganisms for chlorinated ethenes 
To date, microbial community analyses of dehalogenating bacteria largely focused on 
chlorinated ethene-contaminated groundwater or soils by Dehalococcoides spp. (Taş et 
al., 2009b) and, the presence of Dehalococcoides spp. in pristine and contaminated (with 
PCE, TCE, or VC) sites within North America, Europe and Japan was then reported 
elsewhere (Löffler et al., 2000; Kittelmann and Friedrich, 2008a, b).  
Dehalococcoides strains are a group of versatile dechlorinators that possess the widest 
dechlorination substrate range, including chloroethenes (Maymó-Gatell et al., 1997), 
chlorophenols (Adrian et al., 2007), chloroethanes (Maymó-Gatell et al., 1999), 
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chlorobenzenes (Adrian et al., 2000), dioxins (Bunge et al., 2003), PCBs (Adrian et al., 
2009), and PBDEs (He et al., 2006). To date, only members of the genus of 
Dehalococcoides have been reported to be capable of dechlorination past DCEs to VC 
and ethene (Smidt and de Vos, 2004). 
There are currently 7 members of known Dehalococcoides isolates, Dehalococcoides 
ethenogenes 195 (Maymó-Gatell et al., 1997; Maymó-Gatell et al., 1999; Seshadri et al., 
2005), CBDB1 (Adrian et al., 2000), Dehalococcoides isolate BAV1 (He et al., 2003b), 
FL2 (He et al., 2005), GT (Sung et al., 2006a) and ANAS (Homes et al., 2006). Among 
them, D. ethenogenes 195 is the first isolate to completely dechlorinate PCE to ethene, 
although the last step of dechlorination of VC was performed co-metabolically (Maymó-
Gatell et al., 1997), VS (McMurdie et al., 2009) and BTF08 (Pöritz et al., 2013).  
 
Table 2.4 Dehalococcoides spp. and their metabolic substrates 







    



















2,3,4,5,6- 2,3,4,6-, or 2,3,5,6-tetra- 
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phenols (ortho chlorine 
removed) 
Adrian et al. 
(2007) 
Dehalococcoides 
sp. strain BAV1 
trans-DCE, cis-DCE, 
1,1-DCE, VC, 1,2- 
DCA 
Ethene 
He et al. 
(2003a) 
Dehalococcoides 
sp. strain CBDB1 
HCB 
1,3-DCB, 1,4-DCB, and 
1,3,5-TB 
Adrian et al. 
(2000) 
2,3-DCP, all six TCPs, 















Adrian et al 
(2009) 
Dehalococcoides 
sp. strain FL2 
TCE, trans-DCE, cis- 
DCE, 1,1-DCE 
VC (ethene) 
He et al. 
(2005) 
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Dehalococcoides 
sp. strain GT 
TCE, cis-DCE, 1,1- 
DCE, VC 
Ethene 
Sung et al. 
(2006) 
Dehalococcoides 

















spp. (KB-1, mixed 
culture) 




spp. (ANAS, mixed 
culture) 






2.6.2 Major dechlorinating microorganisms for chlorinated ethanes and chloroform 
Although a number of studies have been conducted on the removal of chlorinated ethenes 
from contaminated sites, remediation of chlorinated ethanes, such as 1,1,1-TCA and 1,2-
DCA, remains problematic and these chlorinated ethanes can even inhibit the restoration 
of chloroethenes-contaminated sites. 
1,1,1-TCA may undergo slow abiotic degradation to acetic acid and 1,1-DCE or co-
metabolic biotransformation (Bradley, 2003). A growth-linked dehalorespiratory process 
of 1,1,1-TCA is only limited to strain TCA1, closely related to Dehalobacter restrictus, 
which could reductively dechlorinate 1,1,1-TCA to 1,1-DCA and CA (Sun et al., 2002). 
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Similar to strain TCA1, a mixed anaerobic microbial culture MS/H2 consisting of 
Dehalobacter, enriched from 1,1,1-TCA contaminated sites, also demonstrated its 
halorespiring capacity to dechlorinate 1,1,1-TCA to 1,1- DCA (Grostern and Edwards, 
2006). These strains of Dehalobacter are unable to dechlorinate TCE. Great inhibition of 
TCE removal by Dehalococcoides-containing enrichment culture KB-1 was also 
observed in the presence of chlorinated ethanes (Grostern and Edwards, 2006). 
To date, reductive dechlorination of chloroethenes and chloroethanes mostly focused on 
Dehalococcoides and Dehalobacter species. Although strain 195 could dechlorinate 1,2-
DCA to ethene (Maymó-Gatell et al., 1999), this strain requires the presence of unknown 
bacterial extracts. Additionally, only until year 2005, He et al. reported that strain BAV1 
could dechlorinate 1,2-DCA, all the DCE isomers, and VC coupling for growth in 
defined medium, but not PCE or TCE (He et al., 2003b). Only a few field studies focused 
on chlorinated ethanes. A recent study of the dechlorinating potential of 1,2-DCA by 
sediments collected from three different European rivers shows that biodegradation of 
1,2-DCA occurred only in the sediments, instead of liquid phase, under anaerobic 
conditions (van der Zaan et al., 2009). Generally, anaerobic removal of 1,2-DCA was 
observed under 1) methanogenic, 2) denitrifying, and 3) iron-reducing conditions. 
Reductive dechlorination of 1,2-DCA to ethene occurred under the first conditions, while 
oxidation of 1,2-DCA was slowly observed under the denitrifying or iron-reducing 
conditions (van der Zaan et al., 2009) to CO2. 
Chloroform and TCA are structurally similar, both of which contain the trihalomethyl (-
CX3) group. Therefore, they underwent similar degradation processes, either by reductive 
dechlorination or being mineralised to organic acids and CO2 by oxygenases (Table 2.5). 
Chloroform-degrading microbes were found as early as the 1980s (Bouwer & McCarty, 
1983). However, early chloroform-degrading cultures were confined to methanogenic 
(Bouwer & McCarty, 1983, Vogel & McCarty, 1987), sulfate reducing (Gupta et al., 
1996; deBest et al., 1997), or aerobic (Henson et al., 1988, McClay et al., 1996, 
Hamamura et al., 1997; Frascari et al., 2005) cultures that carry out cometabolic reactions. 
Transformation products include dichloromethane (DCM) and chloromethane, carbon 
dioxide, carbon monoxide and volatile fatty acids.	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The first chloroform-respiring cultures are culture Dhb-CF (Grostern et al., 2010) and 
culture CFEVO (Lee et al., 2012), both of which convert chloroform to DCM.  Microbial 
community analysis demonstrates that in both cultures, Dehalobacter is the dominant 
species and its growth correlates with the dechlorination of chloroform.  Therefore, it is 
believed that the Dehalobacter species is responsible for dechlorination of chloroform to 
DCM.  However, so far the Dehalobacter strains have not been isolated yet from these 
two cultures. So far, reductive dechlorination of TCA and chloroform via a metabolic 
process is an exclusive feature for Dehalobacter.  It is intriguing to know whether or not 
strains in other bacterial genera are able to dechlorinate TCA or chloroform. 
 
Table 2.5 Chloroform and TCA dechlorinating bacterial cultures 









mixed chloroform 1.7 (N/A) (Bouwer & 
McCarty, 1983) 
(mud microcosm) mixed TCA 32 1,1-DCA  and 
CA 








isolate chloroform 2.0 DCM (Egli, et al., 1987) 
(methanogenic mixed TCA <0.7 1,1-DCA, CA, (Vogel & McCarty, 
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culture) CO2, 1,1-DCE, 
acetic acid 
1987) 
(aerobic soil) mixed chloroform 1.9 (N/A) (Henson et al., 
1988) 
(aerobic soil) mixed TCA 1.0 (N/A) (Henson et al., 
1988) 
Clostridium sp. isolate TCA 0.1 1,1-DCA, acetic 
acid 
(Galli & McCarty, 
1989) 
Methylosinus  
trichosporium strain  
OB3b 
isolate chloroform 0.2~750 * CO2 (Oldenhuis et al., 
1991) 
Methylosinus  
trichosporium strain  
OB3b 








mixed chloroform 27.3 DCM, CO2 (Bagley & Gossett, 
1995) 
Methanosarcina 
barkeri strain 227 





isolate chloroform 20 CO2 (McClay et al., 
1996) 
(methanogenic and mixed chloroform (N/A) (N/A) (Gupta et al., 1996) 















mixed TCA 10 1,1-DCA and CA (deBest et al., 
1997) 
(wastewater sludge) mixed TCA 38 1,1-DCA, CA, 
ethane, 1,1-DCE 
(Chen et al., 1999) 
(methanogenic 
culture) 




isolate TCA 450 1,1-DCA, CA (Sun et al., 2002) 
(butane-oxidizing 
microcosms) 












mixed chloroform 490 DCM (Grostern et al., 
2010) 
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* Degradation of chloroform was measured with cell suspensions pregrown with methane in a fermenter. 
culture CFEVO mixed chloroform 300 DCM (Lee et al., 2012) 
	   	   Page 37	  	  
2.7 Bioremediation of chlorinated solvents 
Microbial transformations of chlorinated solvents have been studied extensively, with 
specific attention for the microbial community analysis (Zinder, 2010), in situ 
bioremediation strategies (Ritalahti et al., 2005; ITRC, 2007), enzymatic systems through 
various eco-genomic toolboxes (Maphosa et al., 2010). Microorganisms belonging to 
genera of Dehalococcoides spp., Dehalobacter spp., Desulfitobacterium spp. and 
Sulfurospirillum spp. have been found as the main dechlorinators on site (Zinder, 2010). 
Current bioremediation technology can be divided into three separate processes, 
designated as off-site, on site and in situ (Kurisu, 2008). Off-site biological treatment 
includes methods practiced at waste treatment facilities or sewage treatment plants. On-
site biological treatment, usually, needs excavation of soils or pumping of groundwater in 
order to remove contaminants, followed by immediate treatment at contaminated sites. It 
may involve composting or bioreactors operated in engineered systems, such as 
bioventing, biosparging, direct injection method, groundwater circulation, permeable 
reactive barriers, or photoremediation. In situ bioremediation (ISB) refers to the 
enhancement of biological activity in place, without removal. It may involve 
manipulation of eco-environmental conditions, such as introduction of selected inocula 
(bioaugmentation) or pumping of groundwater for better hydrogeological control or 
essential nutrients (biostimulation), but without engineered systems. The cleanup 
technology for the remediation of DNAPLs includes a list of remedial approaches, e.g. in 
situ chemical oxidation/reduction, surfactants (solvent-enhanced flushing), thermal 
treatment, extraction (dual phase, water flood, or pump and treat), in situ air sparging, and 
in situ bioremediation (ISB). ISB is the newest application, including bioaugmentation, 
biostimulation, biopolishing, or enhanced reductive dechlorination (ERD) (He and Cheng, 
2010). 
There are several problems to be addressed in bioremediation processes. Firstly, the 
remediation time frame is an area of active research and debate among the remediation 
community. Secondly, there is a lack of any cost evaluation system, remediation goal 
(end point concentrations) within the duration timeline in the field of bioremediation 
applications. It is, commonly, suggested by various reviewers in the bioremediation 
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community that both cost and time frame to complete the detoxification play a major role 
in resolving the utility of a technology (ITRC, 2007). 
The expert panel from the USA based, Interstate Technology & Regulatory Council 
(ITRC), concluded that bioremediation of chlorinated ethene source zones is a viable 
remediation option. A more quantitative comparison is needed, in order to justify the 
expenditure of the application of corresponding bioremediation technology. Therefore, 
the first challenge is to decide the best biological amendments (or to stimulate those 
already present) that will accelerate the site restoration and use it as an energy source. 
1) Bioaugmentation 
Bioaugmentation is often associated with issues which are due to different ecological 
factors, such as competing with indigenous microorganisms. It is difficult to assess the 
applicability and effectiveness of the inocula added. This is because the lab-scale studies 
can only be used as a reference and they cannot guarantee their metabolic function by 
themselves. 
2) Biostimulation bioremediation through injection of high concentration of electron 
donor solutions has, significantly, enhanced depletion of TCE in the residual source and 
accelerated biodegradation rate of TCE to ethene. The large volume of the contaminated 
area requires huge injection volumes of electron donors, which indicates the huge life-
cycle costs of the project. In order to reduce the treatment cost, one effective way is to 
minimise the introduction of TCE from the source (sludge) or to treat the sludge sample, 
before it is injected into the contaminated sites. 
The project cost in a source area bioremediation study (located at a Portland, Oregon, 
USA, drycleaner site) was estimated as the total of two parts, installation cost (installation 
labour, injection points, substrates [e.g., HRC, HRC-X, shipping], baseline sampling, 
surveying, completion report) plus the sum of annual operation costs within the project 
time frame (mobilisation, direct labour, sampling equipment and supplies, laboratory 
analysis, and project planning and reporting) (ITRC, 2007). This cost estimation method 
could certainly serve as an important case history for the bioremediation community, but 
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the cost per unit volume of the material should be provided. 
Finally, it will be of great interest to explore the enrichment cultures capable of complete 
detoxification of both chlorinated ethenes and ethanes in that they tend to co-exist in the 
contaminated sites, such as PCE, TCE, trans-DCE, TCA, 1,2-DCA. The isolation and 
characterisation of these cultures would be beneficial to humans and the Earth, essentially. 
Therefore, in this study established cocultures were designed to build the foundation for 
bioremediation application to treat multiple halogenated compounds simultaneously, due 
to their robust growth and wide substrate ranges.  
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CHAPTER 3 MATERIALS AND METHODS 
3.1 Preparation of Anaerobic Medium 
3.1.1 Preparation of sterile vials 
All vials for experiment purposes were sterilised before use. The new vials were rinsed 
with Milli-Q ultra water several times. The openings of the washed vials were wrapped 
with aluminium foil. Vials were autoclaved in autoclave machine for 20 min, at 121 °C, 
210 kPa. The sterile empty vials were left to dry in an oven after the autoclaving process. 
Since this project requires strictly anaerobic condition, it is of importance to flush 
syringes with nitrogen prior to any needle usage. Any accidental introduction of oxygen 
into cultures might inhibit growth of microbes, and the process of flushing needle syringe 
space with nitrogen ensures no remnants of oxygen are left inside. The usage of purified 
nitrogen gas is shown below in Figure 2 and 3. 
 
Figure 2 Gas Control 
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Figure 3 Purified Nitrogen stock 
 
3.1.2 Preparation for vitamins 
The final concentrations of vitamins added to the medium solution are given in Table 3.1. 
Figure 4 demonstrates the process of injecting vitamin B12 into the medium. 
 
Table 3.1 Final concentration of vitamins added 
Vitamins Final Concentration (mg/L) 
Biotin 0.02 






Nicotinic acid 0.05 
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Pantothenic acid 0.05 
p-aminobenzoic acid 0.05 
Thioctic acid 0.05 
Vitamin B12 0.025 
 
Figure 4 Adding of Vitamin B12 to culture samples 
 
3.1.3 Preparation of medium 
To prepare salt medium, the protocol suggests taking 1 L of trace element solution, Se/W 
solution and salt solution were prepared as per Tables 3.2, 3.3 and 3.4, respectively. 1 L 
of the medium solution was prepared accordingly as per Table 3.5. Under the continuous 
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flushing of N2 (minimum flow rate), medium solutions were brought to boil and, upon 
boiling, the process was allowed to continue for further 20 minutes. The medium 
solutions were cooled to room temperature under higher flow rate of N2. The reductants 
and buffering agents in Table 3.6 were added to the medium solutions quickly so as to 
prevent the introduction of O2 into the medium. Medium solutions were stirred to fully 
dissolve chemicals using a magnetic stirrer. The media should turn colourless, indicating 
no O2 presence (Figure 5). The pH of media was allowed to stabilise in the range of 7.2 – 
7.3. The pH was measured using pH meter to make sure the medium is within the 
optimum range for the culture. Medium solutions were dispensed into vials/serum bottles 
(continuously flushed with N2/CO2 in the ratio of 9:1) with a syringe. The vials were 
crimp sealed with black rubber stoppers with aluminium caps in order to ensure no 
leakages (Figure 6) and they were then autoclaved, whereupon, the medium solutions 
should be clear after autoclaving. Media that had turned pink after autoclaving were 
discarded.  
 
Table 3.2 Trace element solution 
Reagents  Amount (1 L) 
ml g 
HCl (25% solution, w/w) 10 - 
FeCl2·4H2O - 1.5 
CoCl2·6H2O - 0.19 
MnCl2·4H2O - 0.1 
ZnCl2 - 0.07 
H3BO3 - 0.006 
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Na2MoO4·2H2O - 0.036 
NiCl2·6H2O - 0.024 
CuCl2·2H2O - 0.002 
 
Table 3.3 Se/W solution conposition for medium 
Reagents Amount (1 L) 
ml g 
Na2SeO3·5H2O - 0.006 
Na2WO4·2H2O - 0.008 
NaOH - 0.5 
 
Table 3.4 Defined salt solution composition for medium  
Reagents Amount 
(1 x g/L) 
Amount 
(100 x g/L) 
Amount 
(g/100 mL) 
NaCl 1.0 100.0 10.0 
MgCl2·6H2O 0.5 50.0 5.0 
KH2PO4 0.2 20.0 2.0 
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NH4Cl 0.3 30.0 3.0 
KCl 0.3 30.0 3.0 
CaCl2·2H2O 0.015 1.5 0.15 
 
Table 3.5 Final medium Solution composition 
Reagents Amount (1 L) 
ml g 
100 x salt solutions 10 - 
Trace element 1 - 
Se/W Solution 1 - 
TES (10mM) - 2.292 
Resazurin (0.1% solution) 0.25 - 
Sodium pyruvate (5mM) - 0.6804 
Milli-Q ultra pure water 987.75 - 
 
Table 3.6 Reductants and buffering agents added to the medium 
Reagents Amount (1 L) 
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ml g 
0.2mM L-cysteine - 0.0242 
0.2mM Na2S·9H2O - 0.048 
0.5mM DL-dithiothreitol (DTT) - 0.0771 
30mM NaHCO3 - 2.52 
 
Figure 5 Medium making station 
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Figure 6 Medium bottles sealing 
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3.2 Culture and growth condition 
All substrate chemicals used – 1,1,2,2-TeCA, 1,1,2-TCA, 1,2-DCA, chloroform, PCE, 
TCE, were purchased from Sigma Aldrich (Saint Louis, MO, USA) and were of 
analytical grade, with purity ≥ 98%. The chemicals were crimp sealed with black rubber 
stoppers with aluminium caps in serum bottles and wrapped in aluminium foil. All stock 
solutions were stored in a refrigerator at 4 ºC. 
Mixed and pure bacterial cultures, unless specified, were grown at 30 °C in 60 mL serum 
bottles containing 30 mL mineral salts medium with headspace filled with N2/CO2 as 
described previously (He et al., 2007).  Filter-sterilised pyruvate or/and acetate was added 
as a carbon source/electron donor at a final concentration of 10 mM.  Neat TCA or 
chloroform was added to concentrations of ~1.0 mM and ~1.2 mM, respectively.  For 
dechlorination kinetics studies, medium volume was increased from 30 mL to 100 mL in 
160-mL serum bottles, while all other conditions were kept the same. 
 
Figure 7 Pure culture re-activation 
In substrate specificity tests of strain PR, chloroform/TCA was replaced with 1,1,2,2-
TeCA (0.64 mM), 1,1,2-TCA (0.36 mM), 1,2-DCA (0.32 mM).  Hydrogen (333,333 
ppmv) was added into headspace only when indicated.   
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All kinetics studies were conducted with biological triplicates, and un-inoculated controls 
were included to monitor potential non-biological dechlorinating activity. Substrate 
specificity tests were performed with biological duplicates and repeated at least twice in 
order to confirm results. Figure 7 indicates a re-activation process of certain pure cultures. 
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3.3 Sample extraction and analysis 
3.3.1 Gas Chromatography – Flame Ionisation Detector (GC-FID) 
Headspace samples of TCA, chloroform were injected manually into an Agilent GC7890 
and GC6890 with a flame ionisation detector and a GS-GasPro column (30 m by 0.32 
mm; J&W Scientific).  
Chloroethenes and ethene were measured with a gas chromatograph (GC-6890, Agilent, 
Wilmington, DE, USA) equipped with a flame ionising detector and a capillary column 
(GS-GasPro, 30-m length, 0.32-mm i.d., J&W Sci, Folsom, CA, USA). The oven 
temperature was initially held at 50 oC for 2 min, increased at 30 oC min-1 to 220 oC, and 
held for 1 min (Figure 8). Signal collected in a report indicates the composition quantity 
(Figure 9). Figure 10 demonstrates the samples to be measured by GC machine.  
 
Figure 8 GC system   Figure 9 Chromatograph of GC analysis 
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Figure 10 Culture samples for testing by GC 
 
3.3.2 DNA extraction  
Cells for DNA extraction were collected periodically from 1 ml of culture samples by 
centrifugation in DNase/RNase-free microcentrifuge tubes (Figure 11). Cell pellets were 
stored at -20 degree until further processing. Genomic DNA extraction from sample is 
part of the process to obtain the phylogenetic make up of a microorganism. The genomic 
DNA was extracted with Qiagen DNeasy Tissue Kit (QIAGEN GmbH, Hilden, Germany) 
according to the manufacturer’s instructions. In this project, 16S rRNA gene is targeted 
as a specific DNA fragment for amplification, to identify the microorganism’s taxonomy, 
and its abundance in the culture.  
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Figure 11 Collecting cells regularly before extracting DNA 
 
3.3.3 Polymerase Chain Reaction (PCR)  
Before analysis can be performed to identify any microorganisms, the limited specific 
DNA fragments have to be amplified. Polymerase Chain Reaction is utilised as a method 
to amplify the specific DNA fragment into sufficient amounts for further analysis. The 
polymerase chain reaction (PCR) is the cardinal laboratory technology of molecular 
biology and is one of the most powerful laboratory techniques ever discovered. PCR 
combines the unique attributes of being very sensitive and specific with a great degree of 
flexibility and it is possible to specifically address a particular DNA sequence and to 
amplify this sequence to extremely high copy numbers. The 16S rRNA gene sequences 
were amplified by targeting the genomic DNA with the universal bacterial primer pair 
(8F and 1392R). 
The list of reagents used and their respective final concentrations for each PCR reaction 
are listed in Table 3.7. Polymerase chain reactions (PCR) were carried out in an 
Eppendorf Master Cycler ep gradient S thermocycler (Eppendorf AG, Hamburg, 
Germany). PCR conditions are summarised in Table 3.8.  
 
Table 3.7 The list of reagents used and their respective final concentrations for PCR 
Reagents Final Concentration 
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Sterile PCR water na  
10x PCR buffer 1x  
MgCl2 (25 mM) 2.5 mM 
BSA (10 mg/ml) 0.13 mg/ml 
dNTP mix (1:1:1:1, 10mM)  0.25 mM ea 
Forward Primer (5 µM) 0.1 µM 
Reverse Primer (5µM) 0.1 µM 
Taq DNA polymerase  na  
Template  25 ng/µl 
 
Table 3.8 PCR conditions 
Process Temperature (ºC) Duration 
Initial Denaturation 94 2'10" 
Denaturation 94 30'' 
Annealing Refer to Table 3.9 45'' 
Extension 72 2'10" 
Final Extension 72 6' 
30 cycles 
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3.3.4 DGGE and quantitative real-time PCR (qPCR) 
PCR–denaturing gradient gel electrophoresis (PCR- DGGE) analyses were carried out to 
identify the composition of the cocultures. DGGE separates amplified DNA fragments 
obtained in PCR process through a gradual denaturing strength from the chemical gel. In 
addition, electric current is applied to migrate DNA fragments through the gel. 
The denaturing gradient, from most weak to least strong, separates DNA segment, based 
on its nucleotide bonding strength. Harnessing the natural phenomenon of 3 hydrogen 
bonds between G-C nucleotides and 2 hydrogen bonds between A-T nucleotides, 
fragments with more G-C pairs that are harder to denature, will travel further down the 
depth of the denaturing gel, while fragments with more A-T pairs will remain closest to 
the top of the gel. 
In applying this technique to 16S rRNA gene segments, similar sequences within will 
migrate the same distance, forming a band on the gel. These bands that contain specific 
sequences are, subsequently, excised and sequenced to determine the identity of 
microorganisms via database comparison. 
In this project, genomic DNA was PCR-amplified with a Dehalococcoides-specific 
primer pair (1F-GC and 259R), as described previously (Cheng and He, 2009; Duhamel, 
Mo and Edwards, 2004). Dcode Mutation System (BIO RAD-brand) is used along with 
an 8% polyacrylamide gel that has 30-60% urea formamide gradient for 16 hours at 115 
V and 60 ºC. 
DGGE and qPCR experiments are done but the results are not valid due to an unpredicted 
mistake of the substrates added. Please refer to the Chapter 5 for troubleshooting. Data of 
DGGE and qPCR will thus not be shown in this thesis. 
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Chapter 4 Results and Discussion 
4.1 A Desulfitobacterium sp. Strain PR Reductively Dechlorinates 1,1,2,2-
TeCA, 1,1,2-TCA and 1,2-DCA 
1,1,2,2-TeCA, 1,1,2-TCA and 1,2-DCA are commonly observed groundwater 
contaminants. They are pollutants for concern, rank in the 147th, 165th, 91st on the 
ATSDR 2012 Priority List of Hazardous Substance, due to their high occurring frequency 
and toxicity (ATSDR, 2011). 
Despite the large diversity of dechlorinating bacterial groups, only Dehalobacter was 
found to be involved in the reductive dechlorination of chloroethane, such as 1,1,1-TCA, 
to date.  The genus Desulfitobacterium, a close relative to Dehalobacter, are notable for 
their versatile substrates, including halogenated compounds such as chlorophenols, 
chloroethenes, and vicinal dichlorinated alkanes (e.g., 1,2-DCA) (Villemur et al., 2006).   
In this study, a newly discovered Desulfitobacterium sp. Strain PR was used, which can 
reductively dechlorinate 1,1,1-TCA to monochloroethane (CA) (Ding and He, 2013). 
Moreover, strain PR dechlorinates chloroform to DCM and monochloromethane (MCM). 
With these as the foundation, strain PR was tested seriously with three similar-structured 
chloroethanes:  1,1,2,2-TeCA, 1,1,2-TCA and 1,2-DCA. 
4.1.1 Desulfitobacterium isolates 
An anaerobic culture PR was isolated and enriched by Ding Chang, who is of the same 
laboratory, from a bioreactor maintained to perform dechlorination of chloroethenes and 
chloroethanes.  Strain PR grows optimally at pH 7.1~7.5 and at a temperature of 27-33 °C. 
Pyruvate supports fermentative growth of strain PR in the absence of chlorinated 
compounds with each mole of pyruvate producing ~0.9 mole of acetate. Hydrogen in the 
headspace was accumulated to 20~60 ppmv in all pyruvate amended cultures, with or 
without chlorinated compounds. It is noteworthy that, in addition to TCA, strain PR could 
dechlorinate chloroform rapidly to predominantly DCM and a trace amount of MCM. To 
my knowledge, it is the first chloroform-dechlorinating isolate reported, to date. Unlike 
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TCA, dechlorination of chloroform can only take place in a pyruvate-amended medium, 
but not in the medium with formate, no matter whether hydrogen was amended, or not. 
This is possibly due to that the presence of chloroform, which inhibits the activity of 
enzymes involved in formate assimilation/oxidation.  
In this study, strain PR was tested on 1,1,2,2-TeCA, 1,1,2-TCA and 1,2-DCA, as these 
three compounds have different physical and chemical properties. 
4.1.2 Strain PR dechlorinates 1,1,2,2-TeCA 
Although 1,1,2,2-tetrachloroethane is a relatively common groundwater contaminant, its 
fate in the environment is poorly understood. 1,1,2,2-TeCA was the first chlorinated 
solvent produced in large quantities before World War I, but was later, largely, replaced 
by solvents that were thought to be less toxic (Chen, Puhakka and Ferguson, 1996). In 
addition to its use as a solvent for cellulose acetate, fat, waxes, greases, rubber, and 
sulphur, 1,1,2,2-TeCA was the major component of a decontaminating agent produced in 
the past by the U.S. military and was used in an organic solvent process to manufacture 
chemical-agent-resistant clothing (Lorah and Clark, 1998). Reported industrial releases of 
1,1,2,2-TeCA in the United States ranged from 44 000 lb in 1988 to 66 000 lb in 1991 
(Chen, Puhakka  and Ferguson, 1996). Use and improper disposal of 1,1,2,2-TeCA have 
resulted in groundwater contamination at several military bases (Lorah et al., 1997) and 
other industrial sites (Chen et al., 1996). Although a drinking water standard has not been 
set for TeCA, a low risk-based concentration of 0.05 µg/L has been established, because 
of possible carcinogenic effects (Selecting Exposure Routes, 1993). 
Three types of degradation reactions are thought to be possible for 1,1,2,2-TeCA: 
hydrogenolysis, dichloroelimination, and dehydrochlorination (Vogel et al., 1987) 
(Figure 12). Hydrogenolysis, which entails the sequential replacement of a chlorine atom 
by hydrogen in a reductive dechlorination reaction, is a common microbially mediated 
transformation for 1- and 2-carbon chlorinated aliphatics under anaerobic conditions. 
Hydrogenolysis of 1,1,2,2-TeCA could sequentially produce 1,1,2- trichloroethane 
(112TCA); 1,2-dichloroethane (12DCA); chloroethane; and, finally, ethane as daughter 
products. Experiments with other highly chlorinated solvents such as trichloroethylene 
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(TCE) have shown that hydrogenolysis rates tend to be greater under the highly reducing 
conditions associated with methanogenesis than under less reducing conditions (McCarty, 
Semprini, 1994).  
Dichloroelimination, which is another type of reductive dechlorination reaction, releases 
two adjacent chlorine atoms, simultaneously, forming an alkene. Dichloroelimination of 
1,1,2,2-TeCA can produce cis- and trans-1,2-dichloroethylene (cis- and trans-12DCE). 
Dichloroelimination is also a possible transformation pathway for 1,1,2-TCA (a product 
of hydrogenolysis of 1,1,2,2-TeCA), producing vinyl chloride (VC) (Chen C., Puhakka 
J.A., Ferguson J.F. 1996 and Vogel T.M., Criddle C.S., McCarty P.L. 1987). The third 
possible transformation pathway for 1,1,2,2-TeCA is production of TCE by 
dehydrochlorination, an abiotic elimination reaction. 
The occurrence and dominant pathways of in situ degradation of 1,1,2,2-TeCA in 
groundwater or soil are largely unknown. The few reported studies on 1,1,2,2-TeCA 
degradation are laboratory batch or column experiments that were constructed with 
anaerobic mineral medium or glass beads (Chen, Puhakka, Ferguson, 1996; Bouwer, 
McCarty, 1983). Methanogenic mixed cultures to seed these experiments were obtained 
from laboratory-scale municipal sludge digesters or wastewater filters. Another 
laboratory study was conducted using an abiotic aqueous mixture of transition metal 
coenzymes (Schanke and Wackette, 1992).  
While laboratory studies have helped to elucidate mechanisms by which 1,1,2,2-TeCA 
can be degraded, they provide very little information on preferred 1,1,2,2-TeCA 
degradation pathways in groundwater or soil. The fact that field evidence of 1,1,2,2-
TeCA degradation reactions has been lacking may be, in part, because TCE was 
frequently used and disposed of at the site as 1,1,2,2-TeCA (Lorah et al., 1999). TCE, 
itself, can be a daughter product of 1,1,2,2-TeCA and can produce some of the same 
potential daughter compounds as 1,1,2,2-TeCA (Figure 12).  
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Figure 12 Anaerobic degradation pathway for 1,1,2,2-TeCA and TCE. [Lorah et al., 
1999] 
 
Since 1,1,2,2-TeCA produces TCE under abiotic condition, a control without strain PR 
was established (Figure 13), in order to compare with biotic condition. Data points were 
averaged from triplicates. Initial concentration of 0.64mM 1,1,2,2-TeCA was added to 
both groups of media. Results show that for both abiotic and biotic experiments, 1,1,2,2-
TeCA was converted into, purely, TCE by dehydrochlorination process. For abiotic 
control, the dechlorination showed a higher rate from day 1 to day 6, then slowed down 
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till the day 27, when almost all 1,1,2,2-TeCA transformed into TCE (Figure 14). Whereas, 
in the presence of Desulfitobacterium sp. strain PR, the determination rate remained high 
throughout the process, and almost all 1,1,2,2-TeCA disappeared within 15 to 20 days 







Figure 13 Some culture samples for 1,1,2,2_TeCA 
 
Figure 14 Abiotic control of 1,1,2,2-TeCA under anaerobic condition (160mL serum 
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Figure 15 Dechlorination of 1,1,2,2-TeCA by Desulfitobacterium sp. strain PR (160mL 
serum bottle containing 100mL medium) 
 
During the dechlorination of 1,1,2,2-TeCA, with the same end-product, but a higher 
dechlorination rate (more than 7 days faster), Desulfitobacterium sp. strain PR played a 
role to accelerate the process without changing pathway. It is highly possible that the 
enzyme contributes to the dehydrochlorination process. Conversion rate is considered as 
100% when all 1,1,2,2-TeCA converts into TCE. 
4.1.3 Strain PR dechlorinates 1,1,2-TCA 
1,1,2-TCA is also a commonly found chlorinated compound in water pollution sites, 
because, not only it is largely used as solvent, but is also intermediate in the production of 
1,1-DCA, and to some extent it is used for the synthesis of 1,1,2,2-TeCA. It ranks 165th 
on the priority list by ATSDR, and was found in 262 of 1293 NPL sites (ATSDR, 2011). 
Being known as harmful to human health, it causes liver, kidney and central nervous 
system problems.  
1,1,2-TCA has an estimated half-life of 136 - 360 days in soil, and 136 - 720 days in 
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amount found in soils is 16µM, with respect to different geometric locations in US. The 
amount found in water is 77.2µg/L, while the drinking water standard for 1,1,2-TCA is 
only 5µg/L. 
Considering the environmental fate of 1,1,2-TCA, when released into water, 1,1,2-TCA 
should, primarily, evaporate. Little of the chemical will be lost by adsorption to sediment 
or by biodegradation. Aquatic hydrolysis is not expected to be important. Once in the 
atmosphere, 1,1,2-trichloroethane will photo-degrade slowly by reaction with hydroxyl 
radicals (half-life 24-50 days in unpolluted atmospheres to a few days in polluted 
atmospheres). When released to land, 1,1,2-trichloroethane should partially volatilize and 
partially leach into the groundwater. Experimentally determined Koc values of 83-209 
indicated that 1,1,2-trichloroethane could be moderately to highly mobile in soil. Several 
biodegradation screening studies have determined that 1,1,2-trichloroethane is resistant to 
biodegradation. Other screening studies have observed biotransformation under anaerobic 
conditions. Biodegradation in groundwater or subsurface regions may occur, but appears 
to be a very slow process. 
The available 1,1,2-TCA dechlorinators follow two main pathways. One pathway 
partially produces 1,2-DCA, by a known Desulfomonile tiedjei strain DCB-1 (Fathepure 
& Tiedje, 1994). Another pathway produces majority VC, by several known strains, such 
as Desulfitobacterium dichloroeliminans strain DCA1 (De Wildeman et al., 2004), 
Dehalogenimonas alkenigignens strain IP3-3 (Maness, 2012), and Dehalogenimonas 
alkenigignens strain SBP-1 (Bowman, 2012). As the end product, VC is much more toxic 
than 1,2-DCA, and like 1,1,2-TCA, it poses a greater problem to have the process 
terminated to it. Currently, the second pathway is, comparatively, dominant. Even 
Desulfomonile tiedjei strain DCB-1 can only partially produce 1,2-DCA with the rest 
major part remains to be VC. Therefore, it is necessary and important to identify 
bacterium that performs better in producing more 1,2-DCA with a low amount of VC if 
cannot completely detoxify them. 
In this study, in order to learn the capability of dechlorination of 1,1,2-TCA by 
Desulfitobacterium sp. strain PR, initial concentration of 0.36mM 1,1,2-TCA was added 
to the pure culture strain PR. Final products observed to be a high amount of CA, a fair 
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amount of 1,2-DCA, a low level of VC and trace ethane (Figure 16). In pyruvate-
amended medium, isolate PR dechlorinates most 1,1,2-TCA (~0.36 mM) to dominant 
1,2-DCA and a certain amount of VC, within only 16 days (Figure 16). 1,2-DCA was 
accumulated to a highest point of 0.23 mM on day 16 and then quickly dropped to 0.08 
mM on day 25. In the meantime, VC had dropped slightly, from 0.04mM to 0.02mM. 
The compensation was a quick increasing of product CA, rising from 0.05mM to 0.3mM, 
from day 16 to day 30. It is notable that VC accumulated to only 0.02 mM on day 30 as a 
dechlorination product, which has not been observed so low in other 1,1,2-TCA-
dechlorinating cultures.  The reason that there is no data between day 6 to day 15 was due 
to a break down of the GC machine. Therefore it remains to be possible that the peak day 
16 might be prior to that date, meaning that from day 15 or even day 14 the 
dechlorination process of 1,2-DCA may have already started, 
 
Figure 16 Dechlorination of 1,1,2-TCA by Desulfitobacterium sp. strain PR 
 
During the dechlorination of 1,1,2-TCA, the different end products, consisting of CA, 
1,2-DCA, VC and ethane, correspond two different pathways: i) hydrogenolysis and ii) 
dichloroelimination. It is during the first pathway that CA and 1,2-DCA are produced. 
1,2-DCA
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VC is produced through dichloroelimination. The importance of this result is a high ratio 
of 1,2-DCA over VC, which has not previously been reported.  
 
4.1.3 Strain PR dechlorinates 1,2-DCA 
1,2-Dichloroethane, also termed ethylene dichloride, is a volatile, clear, manufactured 
liquid that is not found naturally in the environment. It has a pleasant smell and a sweet 
taste and burns with a smoky flame. 1,2-DCA is readily soluble in water and several 
organic solvents such as alcohol, chloroform, and ether. 1,2-DCA is one of the most 
widely produced chemicals in the world. Its predominant use is in the manufacture of 
vinyl chloride. 1,2-DCA was formerly used in varnish and finish removers, soaps and 
scouring compounds, organic synthesis for extraction and cleaning purposes, metal 
degreasers, ore flotation, and paints, coatings, and adhesives. 
1,2-DCA is a widespread contaminant released to the environment during its production 
and use, with the vast majority of the fugitive emissions going into the air. Vapour-phase 
1,2-DCA is photochemically degraded in the atmosphere with an estimated reaction half-
life of about 73 days. If released to soil, 1,2-DCA is not expected to adsorb strongly and 
may leach into groundwater. Volatilisation is expected to be an important environmental 
fate process for 1,2-DCA in soil and bodies of water. Biodegradation is expected to occur 
slowly in both water and soil surfaces. Hydrolysis and photolysis are not expected to be 
important fate processes, and the potential for bioaccumulation in aquatic organisms 
appears to be low. 
Short-, intermediate-, and long-term health effects can result from inhalation or ingestion 
of, or dermal contact to, 1,2-DCA. Main targets of mammalian toxicity include the liver, 
kidneys, and neurological, cardiovascular, and immune systems. A limited amount of 
information is available regarding effects in humans, most coming from case reports of 
people who died following acute exposure to high levels by inhalation or ingestion. Even 
though certain health effects might be expected in humans ingesting sufficient doses of 
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1,2-DCA, it is uncertain whether the effects would occur following typical drinking water 
and inhalation exposures. 
Although 1,2-DCA can, in principle, be degraded biologically under aerobic conditions 
(Janssen et al., 1984; van den Wijngaard et al., 1992), the present microcosm study 
showed that in the river systems, transformation of 1,2-DCA occurred only under 
anaerobic conditions. Anaerobic 1,2-DCA transformation was observed under three 
different redox conditions: methanogenic, denitrifying and iron-reducing (Bas can der 
Zaan et al, 2009). Under methanogenic conditions, the major process of 1,2-DCA 
transformation was reductive dechlorination. Specialised reductive dehalogenating 
bacteria, such as Dehalococcoides spp. were identified as one of effective dehalobactor to 
1,2-DCA.  
Results show that it is notable that 1,2-DCA can, hardly, be degraded by 
Desulfitobacterium sp. strain PR. With a time frame of three weeks, 1,2-DCA has 
converted into a very low amount of ethene (Figure 17). Thus, the reaction occurred, 
whereas, the rate is low. The initial concentration for 1,2-DCA was 0.4mM, and it 
dropped to 0.38 by the end of a period of three weeks. The end-product ethene was 
produced to 0.02mM after 23 days. There is no other intermediate product during the 
process.   
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Figure 17 Dechlorination of 1,2-DCA by Desulfibobacterium sp. strain PR (160mL 
serum bottle containing 100mL medium) 
 
 
On day 16, it is noticeable that two thirds of 1,2-DCA was transformed into CA. It seems 
contradictory with respect to the result of the next section, which is the inability of PR to 
dechlorinate 1,2-DCA. One possible explanation is that the 1,2-DCA produced from 
1,1,2-TCA is biologically produced, thus, is easier and purer than the commercialised 
1,2-DCA. The result is newsworthy with respect to biological application, as the severe 
adverse effect by VC can be thus decreased.  
During the dechlorination attempt of 1,2-DCA, it is found that Desulfitobacterium sp. 
strain PR dechlorinates it into ethene with a very slow rate. It is possible that the 1,2-
DCA purchased is commercially synthetised, which may be not with 100% purity, 
compared to the intermediate product 1,2-DCA during the 1,1,2-TCA dechlorination 
process. It could be the reason why PR can hardly treat this commercial 1,2-DCA as the 
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4.2 Coculture established to reductively dechlorinate, i) co-existence of 
chloroform and TCE. ii) 1,1,2-TCA. 
The difficulty in the bioremediation for the groundwater treatment lies in the co-presence 
of several contaminants, which inhibit the bacteria activeness towards each other. Two of 
the common examples are the co-presence of 1,1,1-TCA with TCE, or chloroform with 
TCE. Even though there are many available bacteria (such as Dehaloccoides spp.) that 
can treat TCE, in general their activities is much inhibited with a certain level of 
existence of 1,1,1-TCA or chloroform.  
To solve this problem, one possible approach is to detoxify 1,1,1-TCA or chloroform to 
the tolerable level. Therefore, a robust co-culture is required, which needs at least two 
different strains: one is TCA/CF-dechlorinator, and the other is TCE-dechlorinator. 
With several Dehaloccoides as candidates (strain GEO12, 11a and ANAS2), in order to 
select the best one, a pre-test was carried out. Knowing that the end product of 1,1,1-TCA 
is CA, and that of chloroform is DCM, we added different strains of Dehaloccoides 
directly with DCM and CA, to observe the tolerance level of the bacteria. The bacterium 
that was able to tolerate highest level of DCM and CA was chosen to work together with 
Desulfitobacterium sp. strain PR.  
In this study, to demonstrate a possible approach of the problem, one Dehalococcoides sp. 
strain and Desulfitobacterium sp. strain PR were employed to treat chloroform and TCE 
and their co-presence. If the aim could be achieved, it means there are many more 
possible Dehalococcoides sp. strains that can do the job, and also be able to treat 1,1,1-
TCA with TCE, since 1,1,1-TCA and chloroform can be treated similarly by 
Desulfitobacterium sp. strain PR. 
4.2.1 Cocultures selection 
The discovery of Dehalococcoides spp. is a piece of good news to the bioremediation 
studies, as it is not only able to dechlorinate chloroethenes from TCE to the desired 
ethene, but also be capable of dechlorination from 1,2-DCA to ethene. The genus 
Dehalococcoides can only use hydrogen as electron donor and acetate as carbon source. 
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In this study, three Dehalococcoides sp. strains GEO12, 11a, and ANAS2 were to be 
selected to perform steady dechlorination using TCE as an electron acceptor for 
metabolic growth, together with DCM and CA.  
Dehalococcoides sp. strains GEO12 was isolated from the same mother culture with 
Desulfitobacterium sp. strain PR, as described in previous chapter. Strain GEO12 is at 
highest priority to be selected, due to a potential symbiotic effect, so as to make a robust 
co-culture. Dehalococcoides sp. strain 11a rapidly and consistently dechlorinates TCE, 
1,1-DCE, trans-DCE, cis-DCE and VC metabolically to ethene with an average 
dechlorination rate of 53.1, 22.5, 21.6, 24.8 and 86.5 µmol L-1 day-1 respectively (He and 
Cheng, 2010).  Dehalococcoides sp. strain ANAS2 is another promising isolate with a 
slower rate than strain 11a. 
4.2.2 One-step and two-step inoculation 
To establish a co-culture, two ways of approach were carried out. The first, is termed, 
two-step inoculation, meaning that strain PR is added first to dechlorinate chloroform and 
after chloroform transforming into DCM, then strain Dehalococcoides sp. is added to 
finish the rest of the work.  
Therefore, the other way is one-step inoculation, where two strains are added at the same 
time. It is more similar to mixed culture bio-augmentation. There is an application 
advantage of the one-step inoculation, while there is also possible performance 
disadvantage.  
4.2.3 Toleration test of different Dehaloccoides on DCM and CA 
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The purpose of this experiment is to screen the suitable dechlorinator for TCE, in the 
potential co-culture when mixing with chloroform/1,1,1-TCA. Knowing that the end 
product to be DCM and CA, three Dehalococcoides sp. GEO12, 11a and ANAS2 were 
tested with DCM and CA, respectively. In this way, It is able to verify whether DCM and 
CA are also possible inhibitors to the Dehalococcoides. 
Figure 18 Pre-test of the tolerance of Dehalococcoides sp. strain GEO12, 11a and 
ANAS2 on CA/DCM 
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Results show that all of the three strains have a certain tolerance towards CA, while 
ANAS2 is inhibited by the existence of DCM (Figure 18). Even though strain 11a has a 
comparable performance with strain GEO12, GEO12 is finally chosen for the co-culture, 
as it is from the same mother culture with strain PR. In the future, strain 11a can replace 
GEO12 to do the same dechlorination following the same principle. Therefore, from here, 
the co-culture composition is confirmed, with Dehalococcoides sp. strain GEO12 and 
Desulfitobacterium sp. strain PR. 
4.2.4 Coculture P_G dechlorinates CF and TCE co-present 
Two different initial concentration of chloroform were utilised, with the lower 
concentration of 18 µmole/bottle, and higher concentration of 50 µmole/bottle.  
4.2.4.1 Two-step inoculation 
In the two-step inoculation, the result shows a certain amount of VC accumulation 
(Figure 19), in the condition of higher initial chloroform concentration (~43 µmole/bottle), 
whereas, there is no VC accumulation when the initial chloroform is low (~18 
µmole/bottle).  
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Figure 19 Two-step inoculation of 2-coculture PR_GEO12’s dechloration of chloroform 
and TCE, with initial chloroform of 50 µmole/bottle. (160mL serum bottle containing 
100mL medium) 
Culture was injected with Desulfitobacterium sp. strain PR from day 0. Chloroform was, 
mostly, transformed into DCM at day 15, with the initial concentration 43umole dropping 
down to 3umole/bottle for chloroform, and the concentration of DCM increased from 0 to 
43umole/bottle. At day 15, Dehalococcoides sp. strain GEO12 was added to the medium, 
since then TCE (~42 µmole/bottle) started to be dechlorinated into ethene (~10 
µmole/bottle), VC (~12 µmole/bottle) and trace amount of cis-DCE (~0.7 µmole/bottle), 
on day 33. 
4.2.4.2 One-step inoculation 
In the one-step inoculation experiments, there are two different results. When the initial 
chloroform concentration is as low as 18 µmole/bottle, there is hardly any inhibition to 
Dehalococcoides sp. strain GEO12 to dechlorinate TCE, even though the dechlorination 
rate started to increase after day 8, when more than half of the chloroform has 
transformed into DCM.  
With a lower initial chloroform concentration (~18 µmole/bottle), two thirds of TCE (~60 
µmole/bottle) was dechlorinated by Dehalococcoides sp. strain GEO12 by two thirds, by 
the end of day 19, and produced majority ethene (~32 µmole/bottle) mainly and low 
amount of VC (~8 µmole/bottle) (Figure 20). 
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Figure 20 One-step inoculation of 2-coculture PR_GEO12’s dechloration of chloroform 
and TCE, with initial chloroform of 18 µmole/bottle. (160mL serum bottle containing 
100mL medium) 
 
When a higher initial chloroform concentration 50umole/bottle was added, TCE (~40 
µmole/bottle)-dechlorinator-Dehalococcoides sp. strain GEO12 was inhibited with a 
much slower dechloration rate than in the previous case. Neither chloroform nor TCE had 
been fully dechlorinated by day 33 (Figure 21). Chloroform decreased from 50 
µmole/bottle to 21µmole/bottle within 33 days. TCE changed from 39 µmole/bottle to 24 
µmole/bottle during the same time period, indicating that 38% was dechlorinated in about 
5 weeks. Moreover, the percentage of end products is different from that of low initial 
chloroform concentration. Besides the reasonable DCM transformed from chloroform, 
cis-DCE (~8.2 µmole/bottle) is the dominant end-product from TCE, together with low 
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Figure 21 One-step inoculation of 2-coculture PR_GEO12’s dechloration of chloroform 
and TCE, with initial chloroform of 50 µmole/bottle. (160mL serum bottle containing 
100mL medium) 
In the section of 4.2.3 and 4.2.4, a coculture was firstly selected with a composition of 
strain PR and strain GEO12, in order to dechloronate the co-presence of chloroform and 
TCE. From the pre-test, all the three Dehalococcoides sp. strains GEO12, 11a, and 
ANAS2 show a certain tolerance to CA, while ANAS2 is inhibited by the existence of 
DCM. In fact, both Dehalococcoides sp. strains 11a and GEO12 have the same capability 
and can be replaced in the 2-coculture. Finally, since GEO12 is from the same mother 
culture with strain PR, we decided to choose Dehalococcoides sp. strains GEO12 as one 
of the ingredient for the 2-coculture, together with Desulfitobacterium sp. strain PR. 
Then, the following step is to use this established 2-coculture PR_GEO12 to dechlorinate 
TCE and chloroform. As strain PR has similar dechlorination capability over 1,1,1-TCA 
and chloroform, 1,1,1-TCA can also be replaced for the experiment to have similar result. 
The only difference is that the end product may contain CA instead of DCM. Two 
different approaches have been tested, the conservative two-step inoculation, as well as 
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Result shows that the two-step inoculation is feasible for the dechlorination of TCE. 
While the non-complete dechlorination of TCE to VC, instead of ethene, still reflects a 
possible inhibition on strain Dehalococcoides sp. strain GEO12 by high concentration of 
DCM. The DCM inhibition is less obvious than that of chloroform to Dehalococcoides 
spp. 
In the one-step inoculation, the dechloronation rate of TCE by of Dehalococcoides sp. 
strain GEO12 becomes increasingly slower with chloroform increased from 18 to 50 
µmole/bottle. To some extent, the inhibition of Dehalococcoides sp. strain GEO12 is 
obvious, due to the presence of a higher level of chloroform and DCM. One possible 
explanation is that with the waiting time of Desulfitobacterium sp. strain PR to 
dechlorinate chloroform, the activity of strain GEO12 has been decreased. Therefore, it is 
not the optimum condition when strain GEO12 starts to perform TCE-dechlorination. In 
the one-step inoculation, there is an unavoidable time-lag phase for Dehalococcoides sp. 
strain GEO12, which affects its effectiveness.  
4.2.5 Coculture P_G fully dechlorinates on 1,1,2- TCA 
 
Figure 22 Some coculture Samples Established 
 
To recall the result of pure culture Desulfitobacterium sp. strain PR dechlorination on 
1,1,2-TCA (Figure 16), there is an unresolved problem with the end-product 1,2-DCA 
and VC. As an effective dechlorinator for these two substrate, Dehalococcoides sp. strain 
GEO12 can be once again combined with Desulfitobacterium sp. strain PR, to fully 
detoxify 1,1,2-TCA. Figure 22 shows some coculture samples established. 
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The two-step inoculation suggests an initial addition of Desulfitobacterium sp. strain PR 
into the medium with pyruvate as the carbon source for the following 13 days. Then, after 
almost all 1,1,2-TCA (~1.08mM) has transformed into 1,2-DCA and CA, another 
addition of Dehalococcoides sp. strain GEO12 was carried out with acetate as its carbon 
source. From day 13 to day 25, all 1,2-DCA and VC had converted into ethene (~0.9mM) 
and small amount of CA (~0.18mM) (Figure 23).  
 
Figure 23 Two-step inoculation of 2-coculture PR_GEO12’s dechloration of 1,1,2-TCA 
 
Below Figure 24 shows the 1,1,2-TCA dechlorination kinetics by one-step inoculation of 
coculture PG. For an initial 1,1,2-TCA concentration being 1.08mM, the one-step 
inoculation comes into a higher percentage of CA (~0.68 mM) and a relatively lower 
amount of ethene (~0.4mM). During the one-step inoculation process, Dehalococcoides 
sp. strain GEO12 was inhibited from day 0 to day 11, since this is when 
Desulfitobacterium sp. strain PR dechlorinated 1,1,2-TCA to mostly 1,2-DCA. The 
transformation accelerated from day 7 to day 11, when there was a sharp increase of 1,2-
DCA (from 0.2mM to 0.9mM), also it is when CA started to slowly appear (from 0 to 
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corresponds with the acceleration of 1,2-DCA accumulation from day 7 to day 11. The 
Dsb cells grow to the highest point at day 23 when 1,2-DCA has been totally 
dechlorinated and CA start to stablise. Besides the growth of Desulfitobacterium sp. 
strain PR, the other data line shows the Dehalococcoides sp. strain GEO12 cell growth 
from day 11 to day 23. It corresponds to the increasing of ethene, dechloronated from VC 
as well as 1,2-DCA. 
 
Figure 24 One-step inoculation of 2-coculture PR_GEO12’s dechloration of 1,1,2-TCA 
 
The section of 4.2.5 revisits the dechloronation of 1,1,2-TCA, while using the 2-coculture 
PR_GEO12. Both the one-step inoculation and the two-step inoculation can achieve 100% 
conversion rate of 1,1,2-TCA to CA and ethene. In the one-step inoculation of 
dechlorination of 1,1,2-TCA by the 2-coculture Desulfitobacterium sp. strain PR and 
Dehalococcoides sp. strain GEO12, the important intermediate product 1,2-DCA was 
determinated into two different end products by different effect of bacteria: 
Desulfitobacterium sp. strain PR enables biologically produced 1,2-DCA to convert into 
CA, and Dehalococcoides sp. strain GEO12 is able to transform 1,2-DCA into ethene. 
Whereas, in the two-step inoculation process, ethene has a higher percentage over CA 
due to the competitive activity of newly addition of Dehalococcoides sp. strain GEO12, 
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4.3 Coculture established to reductively dechlorinate co-existence of 
chloroform and PCE  
Similarly with Chapter 4.2, another difficulty in the bioremediation for the groundwater 
treatment is to treat the co-presence of PCE and chloroform/ 1,1,1-TCA. This is also due 
to the inhibition by chloroform/1,1,1-TCA on PCE-dechloronator. To solve this problem, 
using the same principle as described in Chapter 4.2, a similar approach is to detoxify 
1,1,1-TCA or chloroform to the lower level, then PCE-dechloronator was added to reduce 
the inhibition. Different from TCE, PCE cannot be dechlorinated by many of 
Dehaloccoides spp (known that strain 195 is capable). Therefore, it is necessary to bring 
in another dechlorinator to convert PCE to TCE or even DCE, then the coculture 
established in the previous chapter can proceed to finish complete dechlorination. The 
third component for this 3-coculture is SM, a strain of Sulfurospirillum multivorans. 
Sulfurospirillum multivorans strain SM is known to be a very fast dechlorinating bacteria 
culture converting PCE-to-cis-DCE. Sulfurospirillum multivorans is important in the 
process of complete dechlorination from PCE in the contaminated groundwater. The 
complete dechlorination of PCE to ethene could be achieved with co-culturing of 
Dehalococcoides sp. strain GEO12 and Sulfurospirillum multivorans sp. strain SM 
together. 
The 3-coculture is, thereafter, shortened to PGS (PR, GEO12, SM), for simplification. 
The purpose of the 3-coculture PGS is to dechlorinate the co-presence of chloroform and 
PCE. Similarly, the experiments are performed under two-step inoculation and one-step 
inoculation conditions. Between these two methods, two-step inoculation reflects an ideal, 
theoretic approach, which functions well in general, since the bacteria are added at their 
optimum condition.  
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4.3.1 Coculture P_G_S dechlorinates CF and PCE with two-step inoculation 
When the initial chloroform concentration is 50umole/bottle, by a stepwise or sequential 
addition of strain PR, GEO12 and SM, the coculture is able to effectively dechlorinate 
chloroform and PCE to produce DCM, and ethene as the end product (Figure 25).  
Desulfitobacterium sp. strain PR was added to the medium at its optimum condition from 
day 0. Chloroform started to be dechlorinated. Until day 15, chloroform was 
dechlorinated completely to DCM (50 µmole/bottle). It is also on day 15, a combination 
of Dehalococcoides sp. strain GEO12 and Sulfurospirillum multivorans sp. strain SM was 
added into the medium, with an addition of extra acetate and hydrogen as carbon and 
energy source. Within another 15 days or so, PCE was dechlorinated into ethene by strain 
GEO12 and SM. There was an intermediate product cis-DCE, but it had been quickly 
turned into VC or ethene. At the end, VC was also fully dechlorinated into ethene by 
strain GEO12. 
 
Figure 25 Two-step inoculation of PGS dechloration of chloroform and PCE, with initial 
chloroform being 50 µmole/bottle. (160mL serum bottle containing 100mL medium) 
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4.3.2 Coculture P_G_S dechlorinates CF and PCE with one-step inoculation 
In the one-step inoculation, three active strains of bacterium, namely Desulfitobacterium 
sp. strain PR, Dehalococcoides sp. strain GEO12 and Sulfurospirillum multivorans sp. 
strain SM, were inoculated into the medium at the same time from the beginning. 
When the initial chloroform concentration is 10.2 µmole/bottle, the coculture PGS is able 
to effectively dechlorinate chloroform and PCE, and produce DCM, and ethene as the end 
product. Figure 26 demonstrates one-step inoculation cocultures. 
The dechlorination of chloroform and PCE takes place at the same time from beginning 
day 0. From Figure 27, it is easy to find that there is a constant decreasing of PCE within 
19 days. Concentration of PCE dropped from 12.2 umole/bottle to 3.4 umole/bottle in 
less than three weeks. In the mean time, VC had been produced to the highest amount at 
day 5 and started to drop to 0 at day 16, which showed 100% conversion into ethene. 
Intermediate cis-DCE could not be observed, due to quick dechlorination by GEO12 to 
VC or ethene. Chloroform was transformed into DCM in 11 to 16 days, slightly faster 
than the dechlorination of PCE. Again, it shows a slight inhibition of, Dehalococcoides 
sp. strain GEO12 and Sulfurospirillum multivorans sp. strain SM by the presence of 
chloroform and DCM, while there is no inhibition on Desulfitobacterium sp. strain PR in 
the presence of PCE. 
 
 
Figure 26 One-step inoculation samples, PG and PGS 
	   	   Page 79	  	  
 
Figure 27 One-step inoculation of 3-coculture PGS dechloration of chloroform and PCE, 
with initial chloroform being 10.2 µmole/bottle. (160mL serum bottle containing 100mL 
medium) 
An increase of initial chloroform concentration was carried out to observe the behaviour 
of Dehalococcoides sp. strain GEO12 and Sulfurospirillum multivorans sp. strain SM, as 
well as the effectiveness of dechlorination.  
Figure 28 indicates a slower PCE dechlorination rate. Two thirds of chloroform was 
transformed to DCM within only six days, then the rate slowed down. Finally it took 33 
days for chloroform to be fully converted into DCM. In terms of PCE dechlorination, it is 
much slower than that of chloroform. In about 19 days, concentration of PCE had been 
changed from 26 µmole/bottle to 20 µmole/bottle. At the end of 33 days, there was still 
13.5 µmole/bottle PCE left in the system. Ethene was reached 10.8 µmole/bottle at day 33, 
and VC was 2.5 µmole/bottle, cis-DCE was 2.4 µmole/bottle. The non-complete PCE 
dechlorination revealed that the PCE-dechlorinators - Dehalococcoides sp. strain GEO12 
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Figure 28 One-step inoculation of 3-coculture PGS dechloration of chloroform and PCE, 
with initial chloroform being 50 µmole/bottle. (160mL serum bottle containing 100mL 
medium) 
 
By comparing the one-step inoculation and two-step inoculation, one can note that no 
matter how high is the initial chloroform concentration, the two-step inoculation is able to 
complete the dechlorination of both chloroform and PCE; whereas, the one-step 
inoculation only shows good result when the initial chloroform concentration is lower, 
such as 10 µmole/bottle. 
Chloroform and DCM at concentration above 50 µmole/bottle inhibited both 
Dehalococcoides sp. strain GEO12 and Sulfurospirillum multivorans sp. strain SM. The 









1 6 11 15 20 27 33





















	   	   Page 81	  	  
Chapter 5 Troubleshooting 
 
During the process of the experiments, some problems were encountered. The problems 
slowed down dramatically the experiment process, if not solved properly and in time. It is 
critical to be highly alert with the potential suddenness and problematical issues. 
Therefore, the troubleshooting is determinant in the success of a research project, it is an 
invaluable lesson to study, and it needs to be treated seriously with. 
5.1 Salt solution problem during medium preparation 
Among the repetitions of cultivating samples in the defined medium solution, there has 
been a period of time that all Dehalococcoides spp. cultures lost their activity. In order to 
find the reason and solve the problem, several factors were carefully investigated, such as 
pH of the culture, temperature of the incubator, substrates purity and medium 
composition. After making sure that pH value reaches the optimum condition between 
7.2-7.5, temperature of the incubator is constantly 30 degree and substrates have enough 
high purity without contamination, critical issue was found in the medium salt solution 
composition.  
The salt solution, potentially consisting 6 salts: 
NaCl,  MgCl2.6H2O,  KH2PO4,   NH4Cl,  KCl,   CaCl2.2H2O. In order to verify the 
correctness of the components in the salt solution, ICP-MS was used, with the help of 
laboratory in T-Lab level 2.  As mentioned previously in Chapter 3, the salt solution 
should be prepared with the following composition (Table 3.4). 
Table 3.4: Salt solution. 
Reagents Amount 
(1 x g/L) 
Amount 
(100 x g/L) 
Amount 
(g/100 mL) 
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NaCl 1.0 100.0 10.0 
MgCl2·6H2O 0.5 50.0 5.0 
KH2PO4 0.2 20.0 2.0 
NH4Cl 0.3 30.0 3.0 
KCl 0.3 30.0 3.0 
CaCl2·2H2O 0.015 1.5 0.15 
 
Table 5.1 Result of ICP-MS on concentration of correct recipe vs. problematic medium 
  Mg(ppm) K(ppm) Ca(ppm) Na (ppm) 
Concentration of correct recipe 21.6 203.9 1.3 887.6 
Concentration of problematic medium 0.2 5.7 0.1 576.9 
Diluted ratio - correct/problematic 97.0 35.9 10.1 1.5 
 
The result in Table 5.1 shows that the real concentration of Na, Mg, K, Ca in the stock of 
problematic salt solution are all less than the correct recipe. Especially for Mg the 
concentration of problematic medium is 0.2ppm, being near to 100 times lower than the 
standard recipe. Element K is 35.9 times diluted in the problematic medium, Ca is 10 
times lower than what it needs to be, and Na is 1.5 times lower. It is the reason why 
cultures stopped to grow due to lack of necessary salt elements. This experience is an 
alert to the laboratory members to follow the protocols strictly or ask the ones who are 
more familiar with the process for guidance. It turned out to be that this batch of salt 
solution stock was prepared by a member from another laboratory next door, who 
borrowed, used, and finished the previous salt medium then prepared a new one. 
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It is a huge pity that without realising the truth, the wrong salt solution has been utilized 
for almost three months. During the three months, samples performed unexpectedly bad 
as long as included with Dehalococcoides spp., which are highly sensitive to solution 
environment and incubation condition.  
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5.2 Calibration curve correction 
In order to use GC-FID to track the dechlorination process and to detect the concentration 
of different substrate, at a specific time given and in the culture sample, it is important to 
have a reliable standard curve to convert the signal area into real concentration. Even 
though chloroethenes and chloroethanes are common substrates used and studied in the 
laboratory, the detected signal of each substrate still varies a little when combined with 
chloroform in the same medium, becoming slightly different from single substrate. 
Besides the above reason, as the machine GC6980 has been used for years, the sensitivity 
of the sensor may change according to time, leading to a non-accurate result. To obtain 
the most accurate result, a new set of standard curves was reset. 
 
Table 5.2 Standard samples for calibration curve 
 
 
Table 5.2 shows the standard samples prepared to measure the accurate calibration curve. 
All the data in this study are used under carefully conducted manner with the new 
calibration curve. Figure 29 and 30 shows the treatment of signal and the result of 
obtaining updated calibration curve. 
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Figure 29 Input the signal area and concentration to obtain calibration value 
 
Figure 30 Obtain the correct calibration curve, on the right bottom corner 
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Chapter 6 Conclusions 
Co-cultures consisting of two or more strains are established to treat multiple halogenated 
compounds simultaneously, since co-cultures are preferred in bioremediation due to their 
robust growth and wide substrate ranges. Three isolates, named Desulfitobacterium sp. 
strain PR, Dehalococcoides sp. strain GEO12 and Sulfurospirillum multivorans sp. strain 
SM were utilised and characterised with respect to specific dehalogenating capacities. 
The specific conclusions drawn from the results in this thesis are listed as follows: 
1. Pure isolate Desulfitobacterium sp. strain PR shows higher rate on dechloronating 
1,1,2,2-TeCA to TCE than abiotic process.  
2. Pure isolate Desulfitobacterium sp. strain PR can partially dechlorinate 1,1,2-TCA 
to produce dominant CA and ethene, as well as 1,2-DCA and a small amount of 
VC, which is new discovery in 1,1,2-TCA dechlorination. Previously, 1,1,2-TCA 
changes more into VC than 1,2-DCA, which is harmful to the environment and 
defeats the bioremediation purposes. Strain PR is able to dechlorinate a certain 
amount of biologically-produced 1,2-DCA into CA.  
3. Pure isolate Desulfitobacterium sp. strain PR cannot effectively dechlorinate man-
made 1,2-DCA, maybe due to purity constrain.  
4. After screening and testing among several candidate bacteria, a 2-coculture, 
consisting Desulfitobacterium sp. strain PR and Dehalococcoides sp. strain 
GEO12, is established to achieve the purpose of TCE-chloroform-dechlorination. 
Results show that a lower initial chloroform concentration (~0.1mM) has 
negligible inhibition over TCE-dechlorator strain GEO12. With an increasing of 
initial chloroform concentration to 0.5mM, the TCE-dechloration process is 
highly inhibited and results in VC accumulation and slow partial dechlorination 
rate. 
5. DCM, the dechlorinated product from chloroform also imposes inhibition on 
Dehalococcoides sp. strain GEO12 in performing TCE-dechloration. However, 
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the inhibition is less serious than chloroform itself.  
6. The 2-coculture dechloration process can be conducted in two different ways, 
two-step inoculation and one-step inoculation. In the one-step inoculation, the 
dechloronation rate of TCE by of Dehalococcoides sp. strain GEO12 becomes 
slower and slower. To some extent, the inhibition of Dehalococcoides sp. strain 
GEO12 is obvious due to the presence of higher level of chloroform and DCM. 
One possible explanation is that with the waiting time of Desulfitobacterium sp. 
strain PR to dechlorinate chloroform, the activity of strain GEO12 has been 
decreasing. Therefore, it is not the optimum condition when strain GEO12 start to 
dechlorinate TCE. In the one-step inoculation, there is an unavoidable time-lag 
phase for Dehalococcoides sp. strain GEO12, which affects its effectiveness.  
7. The 2-coculture can also effectively dechlorinate 1,1,2-TCA. Both one-step 
inoculation and two-step inoculation can achieve 100% conversion rate of 1,1,2-
TCA into CA and ethene. In the one-step inoculation, the important intermediate 
product 1,2-DCA transformed into two different end products by different 
bacteria: Desulfitobacterium sp. strain PR enables biologically produced 1,2-DCA 
to convert into CA, and Dehalococcoides sp. strain GEO12 is able to transform 
1,2-DCA into ethene.  
8. Besides the 2-coculture, a 3-coculture is established to achieve the purpose of 
PCE-chloroform-dechlorination, which consists of Desulfitobacterium sp. strain 
PR and Dehalococcoides sp. strain GEO12, and Sulfurospirillum multivorans sp. 
strain SM. By comparing the one-step inoculation and two-step inoculation, one 
can see that no matter how high is the initial chloroform concentration, the two-
step inoculation is able to complete the dechlorination of both chloroform and 
PCE; whereas the one-step inoculation only gives good result when the initial 
chloroform is lower, such as 0.1mM. When the initial chloroform is increased to 
0.5mM, PCE dechlorination is greatly inhibited. 
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With the current establishment of two co-cultures, future studies will strive to 
obtain more in-depth on these robust cocultures. 
1. To replace chloroform with 1,1,1-TCA when combining with TCE/PCE, the 
same two co-cultures can treat multiple compounds using the same principle. 
2. To replace Dehalococcoides sp. strain GEO12 with Dehalococcoides sp. 
strain 11a, which may act as robust cocultures in achieving a similar result on 
dechlorinating CF/1,1,1-TCA with TCE/PCE. 
3. To look for other isolates that are able to enlarge substrate range till MCM 
(possible final dechlorination of chloroform) or ethane (dechlorination product 
of 1,1,1-TCA), and test the inhibition tolerance of Dehalococcoides spp. on 
them. 
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